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Backscroll illusion is an apparent motion perceived in backgrounds of movie images that present locomotive objects such as people,
animals, and vehicles. This illusion is from the visual system registering retinal motion signals in relation to high-level object motion
signals. We conﬁrmed this notion from psychophysical experiments that mainly presented a realistic human ﬁgure on a treadmill walking
or running in front of a counterphase grating. The apparent grating motion was consistently induced in the direction opposite to the
locomotion. The induction was tuned to a gait velocity. The time course showed that the illusion arose as if it was synchronized with
gait recognition, and that it was sustained against several reversals of limb swings so that local motion accounts were denied. A weak
but signiﬁcant illusion was observed from a static ﬁgure that implied a gait. Thus, we concluded that the illusion was determined by the
high-level recognition of biological motion. An additional experiment found a similar eﬀect from a vehicle with rotating wheels but no
induction from a rotating wheel per se. This result led us to hypothesize that the backscroll illusion is generalized to objects that have
shapes implying their moving directions.
 2005 Elsevier Ltd. All rights reserved.
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We reported on a novel motion illusion perceived in bio-
logical motion displays of point-light human ﬁgures
(Fujimoto, 2003; Fujimoto & Sato, 2002). When the ﬁgure
presented a walking gait against a background of ambigu-
ous motion such as a counterphase grating or a random-
dot noise, the background appeared to ﬂow in the direction
opposite to the gait. In subsequent investigations, we have
noticed that a stronger percept is produced from realistic
animations of a walker or a runner with a counterphase
grating background (Figs. 1A and B; Fujimoto & Sato,0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.09.027
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E-mail address: kys.fujimoto@kwansei.ac.jp (K. Fujimoto).2003). Furthermore, we have found a similar eﬀect from
a ﬁgure of a vehicle. Hereafter we term the apparent move-
ments perceived in the backgrounds of locomotive objects
‘‘backscroll illusion’’ because it is apparently created by a
display of backward scrolling. This study demonstrates
that the backscroll illusion is high-level modulation of
motion perception.
Our investigations have been directed at backscroll illu-
sions from human gaits. The theoretical reason is that the
perceptual mechanism of biological movements has been
established by psychological, physiological, and computa-
tional studies. Several models assert that the perception
of human movements involves the highest level of visual
processing that integrates motion and form signals (Berten-
thal & Pinto, 1994; Giese & Poggio, 2003; Oram & Perrett,
1996). Speciﬁc to our concerns, a gait is invisible to low-
level or retinocentric motion processing, which represents
moving limbs as something like pendulums just swinging
Fig. 1. Illustrations of movie clips used in this study and of their physical
properties. The movie clips presented either a walker (A) or a runner (B),
which remained stationary as if stepping on a treadmill, against a
counterphase grating background. The grating appeared to drift in the
direction opposite to the gait despite there being no prominence of any
physical components corresponding to the perception. Demonstration
movies are on the website at http://backscroll.jp. The ﬁgures (C) and (D)
are examples of x–t plots at the vertical levels of the hip and the ankles,
respectively. These x–t plots were obtained from a movie clip of a walker
(A) facing left in one step cycle of 1.2 s and a counterphase grating having
a spatio-temporal frequency of 4.0 cyc/deg and 12.5 Hz. The ﬁgure (E) is
an example of Fourier spectra obtained from the same movie clip. The
ﬁgure (F) is a spectrum from a movie clip of the same walker on a uniform
gray ﬁeld. Component intensity represents the square root of Fourier
power as normalized values from 0 to 1 corresponding to the gray scale
from dark to bright. Fourier transformation was performed on mono-
chrome movie images corresponding to luminance proﬁles of the original
color movies on a CRT monitor.
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integration of local motion signals in relation to the human
body structure. In addition, it is natural for a direction of
gait to be described relative to a direction to which the
body faces, namely, forward or backward. Thus, the per-
ception of gait involves object-centered motion processing.
On the other hand, motion in the background is repre-
sented by retinocentric processing. This study used a count-
erphase grating as the ambiguously moving background.This grating has two moving components in opposite direc-
tions at an equal speed (Levinson & Sekuler, 1975; Watson,
Thompson, Murphy, & Nachmias, 1980). Those compo-
nents are extracted in the earliest motion processing (Qian
& Andersen, 1995) and integrated in the next stage (Hee-
ger, Boynton, Demb, Seidemann, & Newsome, 1999). This
situation needs nothing but retinocentric descriptions.
However, in the backscroll illusion, the apparent direction
of grating is described relative to the direction of locomo-
tive objects. Therefore, the illusion indicates modulation
eﬀects from object-centered motion processing to retino-
centric motion processing. To our knowledge, this type of
modulation has not been documented before.
Before the experiments, we conﬁrmed that our animation
clips contained no physical motion biases. Figs. 1C and D
are examples of space–time (x–t) plots at the y levels of a
hip and ankles of a walker (Fig. 1A). These x–t plots illus-
trate a vertical bar from the nearly stationary torso, braided
patterns from the swinging limbs, and a grid pattern from
the counterphase grating. We can ﬁnd no sign of the unidi-
rectional appearance of grating. Fig. 1E is a Fourier spec-
trum for the same movie clip, corresponding to a cross
section of a 3D spectrum at a gratings vertical spatial fre-
quency of 0 cyc/deg. It shows four narrowband components
in the middle of each quadrant and a broadband compo-
nent around the origin. The narrowband components are
from the counterphase grating. The broadband component
is from the human movements (see Fig. 1F). Here, again,
there is no sign of the unidirectional grating. Thus, the illu-
sion is not accounted for by physical motion biases.
In the next sections, we describe four psychophysical
experiments to demonstrate that the backscroll illusion
from the human ﬁgure is determined by high-level percep-
tual factors related to the gait recognition. Experiment 1
investigated tunings to gait velocities. Experiment 2
explored a time course. Experiment 3 examined eﬀects of
body shapes that implied a gait. Experiment 4 examined
eﬀects of artiﬁcial objects with rotating wheels. Mecha-
nisms that mediate the backscroll illusion are discussed in
Section 7 based on the results of these experiments.
2. General methods
2.1. Apparatus
Visual stimuli were displayed on a color CRT monitor
(EIZO T561F) with a refresh rate of 75 Hz and a resolution
of 1024 · 768 pixels under control of an Apple Power Mac
G4 computer. Gamma correction was applied for lumi-
nance linearity. Observers viewed the display binocularly
from a distance of 90 cm with their heads supported by a
headrest. The experiments were conducted in a dark room.
2.2. Stimuli
Gratings were generated on a 256 · 256 pixel image
matrix that subtended 5 deg in both height and width.
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envelope with a standard deviation of 1 deg. The counter-
phase gratings were computer generated and presented at
the refresh rate of the monitor. The gratings had a mean
luminance of 30 cd/m2 and Michelson luminance contrast
of 60%. The grating was presented in a uniform gray ﬁeld
of the mean luminance. Spatial and temporal frequencies
are described below in the methods sections for each
experiment.
Walking or running human ﬁgures were designed with
Curious Labs Poser 4 software. To reduce appearance bias-
es of the ﬁgures, we prepared eight types of human models
that diﬀered in age, sex, and color of skin and clothing.
Mean luminances of the ﬁgures ranged between 7 and
21 cd/m2. The ﬁgures were viewed from the sagittal plane
facing either left or right. Their heights ranged between
2.4 and 2.9 deg. Stride lengths were ﬁxed at 1.2 deg, which
were deﬁned as the distances between the arches of the feet
when both were outstretched. Animation sequences of the
walkers or runners consisted of 45 or 90 static frames. Pre-
senting the frames at the monitor rate resulted in a one step
cycle of 0.6 or 1.2 s. All the animation sequences of the
human ﬁgures were generated in advance and were saved
in a hard disk as full color PICT ﬁles.
Experiments were controlled by programs coded with C
language powered by the VideoToolbox libraries (Pelli,
1997). The human ﬁgures were loaded from the hard disk
and superimposed on the gratings to create the stimuli.
The gaits always started with a posture where the legs were
at their most outstretched (Figs. 1A and B). The human ﬁg-
ures, while walking or running, remained at the center of
the grating as if they were stepping on a treadmill. A small
black ﬁxation point was presented at the center of the
stimuli.
2.3. Procedures
Observers initiated each trial at their own pace by press-
ing a key after being signaled by a warning tone and the
appearance of the ﬁxation point. The stimulus was present-
ed after a 0.5 s interval during which only the ﬁxation point
was presented. The stimulus presentation lasted a given
duration described below in the methods sections for each
experiment. Observers responded by pressing one of three
designated keys when the stimulus disappeared.
The observers task was to report a perceptual impres-
sion for the grating with a three alternative forced choice
(3AFC). The alternatives were ﬂickering, drifting left, and
drifting right. The latter two directional responses were
classiﬁed as ‘‘opposite response’’ and ‘‘same response’’
according to relationships to the walking or running direc-
tion. Percentages of the responses were collected from 16
trials (8 human models · 2 facing directions) for each con-
dition for each observer.
In Experiments 2–4, we calculated the Directional Index
(DI) deﬁned as in the following equation to test statistical
signiﬁcance of diﬀerence between the directional responsesDI ¼ %opposite%same
%oppositeþ%same .
DI ranged between 1 and 1. Positive values indicated
dominance of the opposite response, whereas negative
values indicated dominance of the same response. Statis-
tical signiﬁcance was evaluated by a single-sampled t test
for mean DI vs 0. When denominator was zero due to
no directional responses, DI was designated as 0. This
happened in less than 2.5% of the trials in all the
experiments.3. Experiment 1: Velocity tuning and no attentive tracking
Walking or running velocity is implied by stride length
and duration. If such high-level velocity information sys-
tematically alters the appearance of the background count-
erphase gratings, it provides evidence that the perception of
human movements determines the backscroll illusion from
the gait. To examine this, we manipulated two independent
variables in this experiment. The ﬁrst variable was the gait
velocity. We prepared human ﬁgures that appeared walk-
ing at a moderate velocity, walking faster, and running at
the same velocity as the faster walking. They all diﬀered
in local velocity components. Thus, results dependent on
the gait velocities demonstrated involvement of high-level
velocity perception.
The second variable was spatio-temporal frequency of
the counterphase grating. The velocity of a moving grating
is given by dividing a temporal frequency by a spatial fre-
quency. In this experiment, we prepared various combina-
tions of spatial and temporal frequencies to cover a broad
range of grating velocities.
Manipulation of temporal frequency allows examina-
tion of the involvement of attentive tracking, which is
another strategy to make the counterphase gratings unidi-
rectional (Ashida & Verstraten, 1998; Culham, Verstraten,
Ashida, & Cavanagh, 2000). Several studies have reported
that attentive tracking is only eﬀective for stimuli of low
temporal frequencies. For example, Verstraten, Cavanagh,
and Labianca (2000) presented observers with a radial sine-
wave grating and asked them to track one bright bar of the
grating. They found that tracking was accurate when the
grating had a temporal frequency of below 4–8 Hz. Lu
and Sperling (1995) showed that similar tracking was pos-
sible for isoluminant complex patterns having a temporal
frequency of below 3 Hz. In this experiment, we included
a condition where observers were asked to track the count-
erphase grating without the human ﬁgure.3.1. Methods
3.1.1. Observers
Four adult volunteers (24–32 years old) with corrected-
to-normal vision participated in this experiment. One of
them was the ﬁrst author and the other three were naı¨ve
to the purpose of this experiment.
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We presented three types of human ﬁgures that
appeared walking at 2, 4 deg/s, and running at 4 deg/s.
The 4 deg/s walkers were made by halving the animation
frames of the 2 deg/s walkers. Duration of one step was
0.6 s for the 2 deg/s walkers and 0.3 s for the 4 deg/s walk-
ers or runners. The gait velocities were deﬁned by dividing
the stride length (1.2 deg) by the durations of one step.
There were 45 conditions of counterphase gratings from
combinations between ﬁve spatial frequencies (1, 2, 4, 6,
and 8 cyc/deg) and nine temporal frequencies (2.1, 4.2,
6.3, 8.3, 10.7, 12.5, 15.0, 18.8, and 25.0 Hz). Stimulus dura-
tion was 0.48 s.
3.1.3. Procedures
In addition to the three conditions with the superimpo-
sition of the human ﬁgure, the observers performed the
same task under conditions of attentive tracking. Just the
counterphase grating was presented and the observers were
instructed to attentively track the brighter bars of the grat-
ing in a speciﬁed direction without eye movements. The
direction of tracking was counterbalanced between
observers.
The experiment was conducted by blocks according to
the four conditions on separate days. The order of the
blocks was randomized for each observer, and all blocks
consisted of 720 trials. In each block, 45 diﬀerent kinds
of gratings were presented 16 times in a random order.
The inter-trial interval was 2 s. One-minute breaks were
inserted after every 72 trials, and it took about one hour
to complete a block.
3.2. Results and discussion
With all the human ﬁgure conditions collapsed together,
the opposite response was obtained from 67.7% of the trials
on average, whereas the same or ﬂicker responses were
obtained from 5.4 and 26.9% of the trials, respectively.
The results are summarized in Fig. 2. The contour plots
in the top row (A–C) represent proﬁles for the opposite
response. They all show that the opposite response was
obtained in the broad range of spatio-temporal frequen-
cies. However, each of the plots presents a diagonally ori-
ented ridge along the solid lines that indicate gait
velocities. Peak rates of 90–100% are estimated near the
solid lines at temporal frequencies of 10–20 Hz. The results
for 4 deg/s walkers (B) resembled those for the 4 deg/s run-
ners (C) more than those for 2 deg/s walkers (A). The
results here suggest that the illusion was tuned to the gait
velocity.
The contour plots in the next row (Figs. 2D–F) show
that the same response was obtained from the lower tempo-
ral frequency gratings. Figs. 2G–I illustrates the contour
plots for the ﬂicker response. They look like negative imag-
es of those for the opposite response (Figs. 2A–C). Each
plot has a diagonally oriented trough along the solid lines.
Minimum rates of 0–10% were estimated near the solidlines. Again, the results for 4 deg/s walkers (H) resembled
those for 4 deg/s runners (I) more than those for 2 deg/s
walkers (G).
Fig. 2J is another proﬁle for the opposite response as a
function of velocity. The plot data represent averaged rates
across 5–12 conditions of the grating velocities that are cat-
egorized in the ﬁve ranges. This graph shows that the
2 deg/s walkers had a velocity function diﬀerent from those
of the other 4 deg/s ﬁgures. A two-way ANOVA of ﬁgure
type (3) · grating velocity (5) with repeated measures indi-
cated a signiﬁcant interaction between the variables,
F (8,24) = 6.89, P < 0.001. Simple main eﬀects of the ﬁgure
type were signiﬁcant in the lowest and highest grating
velocity ranges, Fs (2,6) > 6.68, Ps < 0.01, and marginally
signiﬁcant in the second lowest and highest ranges,
Fs (2,6) > 3.08, Ps < 0.07. Pair-wise multiple comparisons
with Tukeys HSD for the simple main eﬀects indicated sig-
niﬁcant diﬀerences between the 2 and 4 deg/s conditions in
the highest and lowest ranges. Consequently, velocity tun-
ing was statistically signiﬁcant.
Fig. 2K illustrates percentages of successful attentive
tracking as a contour plot. It looks diﬀerent from the con-
tour plots for the opposite response under the human ﬁgure
conditions (Figs. 2A–C). Attentive tracking produced uni-
directional perception in 60–70% of the trials when the spa-
tial and temporal frequencies were below 5 cyc/deg and
13 Hz. Such low temporal frequency dominance is similar
to that reported (Lu & Sperling, 1995; Verstraten et al.,
2000). In contrast, the opposite response under the human
ﬁgure conditions peaked when the grating had a temporal
frequency of 10–20 Hz. In addition, attentive tracking is
usually bound to a direction indicated by visual moving
pointers (Culham et al., 2000) or verbal instructions (Ash-
ida & Verstraten, 1998). Attentive tracking accounts for the
occurrence of the same response but not for the occurrence
of the opposite response. Therefore, we concluded that
attentive tracking was not involved in a backscroll illusion.
4. Experiment 2: Time course
The main objective of this experiment was to relate a
time course of the backscroll illusion to previous ﬁndings
on latency of the gait recognition. Wheaton, Pipingas, Sil-
berstein, and Puce (2001) recorded event-related brain
potentials from human adults who were asked to discrimi-
nate whether actors walked forward or backward. They
found that task-relevant potential had a ﬁrst peak around
0.13 s from onset of the actors gaits. Oram and Perrett
(1996) recorded activity of neurons in the anterior part of
the superior temporal polysensory brain area (STPa) of
macaque monkeys where some neurons selectively
responded to human walking patterns, and found that
those neurons had ﬁring latencies of 0.11–0.15 s. Johansson
(1976) found that human gaits were recognized from point-
light ﬁgures as short as 0.2 s. These ﬁndings suggest that
gait recognition is accomplished between 0.1 and 0.2 s after
stimulus onset.
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Fig. 2. Results of Experiment 1. (A–I) Contour plots indicating the velocity tuning of the backscroll illusion from gait. The horizontal and vertical axes
represent spatial and temporal frequency of counterphase gratings, respectively. The oblique solid lines represent the velocity of gait. For comparison, the
dashed lines represent the velocity of another condition. The contours were estimated by ﬁtting spline functions to the mean response rates among four
observers at 45 data points, spatial frequency (5) · temporal frequency (9). The gray scale from dark to light corresponds to the estimated response rates
from 0 to 100%. (J) Opposite response rates for each ﬁgure type as a function of the grating velocity categorized in the ﬁve ranges. (K) A contour plot
indicating successful attentive tracking for a counterphase grating.
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the illusion. With such information, we could then examine
whether the illusion is accounted for by movements of
some body parts in a speciﬁc time window. Each part of
a human body has cyclic motion in a gait. For the walker
having one step cycle of 1.2 s, used in this experiment, the
limbs reverse their swing directions every 0.6 s (see Figs. 1C
and D). Therefore, the persistence of the illusion over 0.6 s
evidences against any local motion account.
4.1. Methods
4.1.1. Observers
Four observers, identical to those in Experiment 1, par-
ticipated in this experiment. All but the ﬁrst author did not
know the purpose of the experiment.
4.1.2. Stimuli
The 2 deg/s walker with one step cycle of 1.2 s was
superimposed on the grating where the spatial and tempo-
ral frequencies were 4 cyc/deg and 12.5 Hz. There were
eight conditions of stimulus duration: 0.12, 0.24, 0.48,
0.96, 1.92, 3.84, 7.68, and 15.36 s.
4.1.3. Procedures
Observers were asked to report their impression per-
ceived in the ﬁnal period of the stimulus presentation with
the 3AFC. Observers were also asked to avoid voluntary
eye movements. Each performed 128 trials in a random
order. The inter-trial interval was 5 s. A 1-min break was
taken half way through, and it took about 25 min to com-
plete an experimental session.
4.2. Results and discussion
As illustrated in Fig. 3, the opposite response dominated
except for the shortest and longest durations. The rates
sharply increased to 76.6% at 0.24 s from 26.7% at 0.12 s,
and by 3.84 s they stayed high. Then, the rate gradually0.12 0.24 0.48 0.96 1.92 3.84 7.68 15.36
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Fig. 3. The time course of the backscroll illusion from gait. The open
circles indicate percentages of opposite responses, namely, the illusion.
The ﬁlled circles and squares indicate percentages of same responses and
ﬂicker responses, respectively. Error bars for the open circles indicate 1 SD
(N = 4).decreased. At 15.36 s, the mean rate was nearly equal to
the ﬂicker response rate. The same response rates were less
than 11% for all the duration conditions. The diﬀerences
between the opposite and same responses were signiﬁcant
except for the 15.36 s condition on the basis of two-tailed
t tests for DI vs 0 [0.67 < DI < 0.97, ts (3) > 3.46,
Ps < 0.05].
A one-way ANOVA with repeated measures on the
opposite response rates showed the signiﬁcant eﬀect of the
durations, F (7,21) = 4.90, P < 0.01. Pair-wise multiple
comparisons with Tukeys HSD indicated that the opposite
response rate at 0.12 s was signiﬁcantly lower than those
from 0.24 to 3.84 s (P < 0.05), and that there were no signif-
icant diﬀerences among any pair-wise combinations from
0.24 to 15.36 s conditions. These suggest that the opposite
response occurred most reliably between 0.24 and 3.84 s.
The results indicated that the illusory grating motion
arose 0.1–0.2 s after stimulus onset. This timing was com-
parable with the latency of the gait recognition (Johansson,
1976; Oram & Perrett, 1996; Wheaton et al., 2001). There-
fore, it is likely that the backscroll illusion from gait syn-
chronizes with the gait recognition.
The illusion was sustained at the highest rate for 3.84 s
from stimulus onset. During that time the walkers took
more than three step cycles and the limbs changed swing
directions six times. This counters the possibility that the
illusion was determined by local motion processing in a
speciﬁc time window.
5. Experiment 3: Eﬀect of body shape
Human locomotion is inferred from shape information
alone (see Figs. 1A and B). Giese and Poggio (2003)
hypothesized that body shapes are analyzed in the form
pathway of the visual system to represent human actions
independently from the motion pathway. Several experi-
ments have shown that the facing direction of a body has
an important role in the perception of biological motion
(Oram & Perrett, 1996; Verfaillie, 1993, 2000). It is possible
that the body shape information contributes to the back-
scroll illusion. This experiment examined this possibility
by presenting static and backward walking ﬁgures. The
static ﬁgures had only shape information. The backward
walking ﬁgures had a contradiction between directions of
the gait and the body. Contribution of body shape was
shown by motion induction relative to the facing direction
of the static ﬁgures and the backward walking ﬁgures.
The second purpose of this experiment was to examine
the eﬀects of prior knowledge about the phenomenon. Ball
and Sekuler (1980) reported that prior knowledge of stim-
uli enhances discrimination of direction and speed of
motion. In addition, multi-stable motion is disambiguated
by cognitive factors such as object knowledge (Ramachan-
dran, Armel, Foster, & Stoddard, 1998), semantic knowl-
edge (Yu, 2000), and intention (Suzuki & Peterson,
2000). It was possible that prior knowledge would enhance
the backscroll illusion. To test this possibility, we classiﬁed
20 K. Fujimoto, T. Sato / Vision Research 46 (2006) 14–25our observers into two groups according to whether they
knew the backscroll illusion or not. Additionally, we pre-
sented inversions of the forward walk ﬁgures as unusual
patterns.
5.1. Methods
5.1.1. Observers
Thirty adult volunteers (20–35 years old) with normal or
corrected-to-normal vision participated in this experiment.
Sixteen of them were naı¨ve to the illusion, but the remain-
ing 14 observers, including the ﬁrst author, had some
knowledge about the illusion. No one but the ﬁrst author
had participated in Experiments 1 and 2.
5.1.2. Stimuli
Four types of walker stimuli were used; these we called
forward, static, backward, and inverted walkers. The for-
ward walkers presented normal walks at a velocity of
2 deg/s from one step cycle of 1.2 s, as also used in Exper-
iments 1 and 2. The static walkers were snapshots of the
forward walkers in a double support phase (see Fig. 1A).
The backward walkers were reverse animation sequences
of the forward walkers. The inverted walkers were
upside-down versions of the forward walkers. These walker
stimuli were individually superimposed on the counter-
phase grating with the spatial and temporal frequency of
4.0 cyc/deg and 12.5 Hz. Stimulus duration was 0.48 s.
In addition, the induction was examined against unidi-
rectional gratings. They were composed of two anti-direc-
tional component gratings, with one of them having a
luminance contrast three times as high as the other compo-
nent grating.
5.1.3. Procedures
Each observer performed 128 trials, half with the count-
erphase gratings and the other half with the unidirectional
gratings. Each of the walker types was repeated 16 timesForward
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were completed, and it took 10–15 min to complete an
experimental session.
5.2. Results and discussion
As illustrated in Fig. 4, the forward walkers produced
the opposite response in about 70% of trials on average,
regardless of whether the observers had prior knowledge.
The mean rates were signiﬁcantly diﬀerent from the same
response rates of about 5% on the basis of two-tailed t tests
for DI vs 0 [naı¨ves: DI = 0.88, t (15) = 25.10, P < 0.001,
non-naı¨ves: DI = 0.86, t (13) = 17.01, P < 0.001]. Similar
results were obtained for the inverted walkers [naı¨ves:
DI = 0.82, t (15) = 11.62, P < 0.001, non-naı¨ves:
DI = 0.86, t (13) = 12.67, P < 0.001]. The static walkers
induced 27–39% of apparent grating motion in the direc-
tion opposite to the body. These were signiﬁcantly higher
than 7–8% of apparent motion toward the body direction
[naı¨ves: DI = 0.50, t (15) = 3.25, P < 0.01, non-naı¨ves:
DI = 0.71, t (13) = 8.21, P < 0.001]. For the backward
walkers, the naı¨ve observers had 16% of apparent motion
toward the direction opposite to the gait, whereas 46%
toward the same direction. These rates were signiﬁcantly
diﬀerent [DI = 0.43, t (15) = 3.47, P < 0.01]. On the other
hand, the non-naı¨ve observers showed opposite or same
responses in 40 and 38% of the trials, respectively, which
were not signiﬁcantly diﬀerent (DI = 0.03, t < 1). Because
the same response to the backward walkers also meant
motion perception in the direction opposite to the body,
naı¨ve observers seemed to be aﬀected by body direction
more than gait direction.
A two-way ANOVA with the walker type as a within-
subject variable and with the observer group as aFlickerSame
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of correct response rates from 16 naive observers (A) and 14 non-naive observers (B). Error bars represent 1 SD.
 Wheel  TruckA B
Fig. 6. Snapshots of movie clips used in Experiment 4. Either a rotating
wheel (A) or a pickup truck with rotating wheels (B) was superimposed on
a counterphase grating.
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response rates for the forward, inverted, and static walker
conditions and the same response rates for the backward
walker condition. The ANOVA showed a signiﬁcant main
eﬀect of the walker type [F (3,84) = 26.97, P < 0.001]. Pair-
wise comparisons with Tukeys HSD indicated that for-
ward and inverted walkers produced motion induction
more often than static and backward walkers (P < 0.05).
Judgments for the unidirectional gratings were aﬀected
by the superimposition of the walker stimuli as shown in
Fig. 5. The forward and inverted walkers reduced correct
responses when the gratings drifted in the walking direction
for both naı¨ve and non-naı¨ve observers. Naı¨ve observers
also tended to make incorrect judgements for gratings
drifting in the facing direction under the backward and
static walker conditions. These results did not indicate
poor abilities of our observers to judge motion directions
because they yielded nearly 100% correct responses under
the other conditions. Instead, these results demonstrated
the strength of modulation that the superimposed human
ﬁgures produced.
The results show: ﬁrst, that static ﬁgures also produced
motion induction in the direction opposite to the body. A
similar tendency was found in the backward walker condi-
tion. But the probabilities were less than those under the
forward walker condition. Thus, shape information moder-
ately contributed to the perception of the backscroll illu-
sion from gait. Second, prior knowledge did not
modulate the perception in the normal forward walker
condition. Although some eﬀects appeared in the backward
walker condition, it could be explained by another factor as
mentioned later in Section 7. Third, inverted walkers also
produced the illusion, although an upside-down presenta-
tion has shown to disturb recognition of point-light biolog-
ical motion displays (Bertenthal & Pinto, 1994; Sumi,
1984). However, it should be noted that our realistic ani-
mations clearly presented the walkers themselves and their
inferred motion.6. Experiment 4: Eﬀects of wheel-related objects
Rotating wheels also provide a cue to translation of
objects in an object-centered fashion. This experiment pre-
sented a rotating wheel or a vehicle with rotating wheels
and showed that the backscroll illusion was not restricted
to a human gait. Velocity tuning was also investigated by
manipulating grating velocity and the cycle of wheel
rotation.
6.1. Methods
6.1.1. Observers
Nine adult volunteers (21–33 years old) including the
ﬁrst author participated in this experiment. All had normal
or corrected-to-normal vision. No one but the ﬁrst author
had participated in Experiments 1–3. Six participants knew
the backscroll illusion from human ﬁgures, but no one had
any prediction about possible results from wheel-related
objects.
6.1.2. Stimuli
We prepared ﬁgures of a wheel and a pickup truck
viewed in proﬁle (Fig. 6). The wheel stimulus had a diam-
eter of 1.2 deg. It was colored monotonically with realistic
gradations and with a mean luminance of 7.7 cd/m2. The
22 K. Fujimoto, T. Sato / Vision Research 46 (2006) 14–25sections between the axles were transparent so that the
background grating was visible.
The body of the truck stimulus was a computer image
obtained from a website. The wheels were those mentioned
above but with the sizes reduced by half. The overall ﬁgure
subtended 1.1 deg in height and 2.7 deg in width. The body
was painted in one of eight colors varying from one trial to
another, and gradations were added. Mean luminances
ranged between 3.5 and 19.0 cd/m2. The windows were
transparent and through these the background grating
was visible.
The wheels rotated either clockwise or counterclockwise.
The cycle and the direction of the rotation determined the
velocity of the apparent translation of the wheel-related
objects. The velocity was 2 or 4 deg/s. The truck always
presented a forward translation. Small parabolic vibrations
were added to the wheel-related objects to make the appar-
ent translation natural. In addition, human ﬁgures with the
same walking velocities, as used in Experiment 1, were pre-
sented for comparisons.
The spatial frequency of the counterphase grating was
1.5 cyc/deg and the temporal frequencies were 3.0, 6.3,
and 12.5 Hz, which resulted in velocities of 2.0, 4.2, and
8.3 deg/s, respectively. The grating and the outside back-
ground were colored green to enhance the visibility of the
monochromatic wheels. The grating had a mean luminance
of 21.9 cd/m2 and luminance contrast of 60%. Stimulus
duration was 0.96 s.2.0 4.2 8.3
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Fig. 7. Results of Experiment 4 for the wheel ﬁgures (A and B), the truck ﬁg
represent the means of nine observers. Error bars represent 1 SD.6.1.3. Procedures
There were 18 stimulus conditions, object (3) · object
velocity (2) · grating velocity (3). For each condition, 16
trials were run. The directions of the objects were counter-
balanced. The order of the trials was randomized for each
observer. The inter-trial interval was 2 s. One-minute
breaks were inserted every 72 trials, and it took about
30 min to complete an experimental session.
6.2. Results and discussion
As illustrated in Figs. 7A and B, the wheel stimuli pro-
duced same responses with the highest rates of 46–54% on
average, but they were not signiﬁcantly diﬀerent from the
opposite response rates of 26–33% on the basis of t tests
for DI vs 0 [0.30 < DI < 0.14, ts (8) < 1.75, ns]. As illus-
trated in Figs. 7C and D, the truck stimuli produced an
opposite response with the highest rates of 53–58%, which
were signiﬁcantly diﬀerent from the same response rates of
12–17% [0.51 < DI < 0.74, ts (8) > 3.63, Ps < 0.01]. The
walker stimuli also produced opposite responses with the
highest rates of 58–86% as illustrated in Figs. 7E and F,
and they were signiﬁcantly diﬀerent from the same
response rates of 7–11% [0.78 < DI < 0.86, ts (8) > 6.88,
Ps < 0.001]. Thus, the results were similar between the
truck and walker conditions.
However, truck stimuli did not show any velocity tuning
(Figs. 7C and D). A velocity (2) · grating velocity (3)Opposite
Flicker
Same
Response
2.0 4.2 8.3
Grating velocity (deg/s)
0
20
40
60
80
100
Pe
rc
e
n
ta
ge
 o
f r
es
po
ns
e
C   Truck 2 deg/s
2.0 4.2 8.3
D   Truck 4 deg/s
*** ** ***
t-test for DI vs 0
** P < 0.01
**** ***
*** P < 0.001
ures (C and D), and the walking human ﬁgures (E and F). The markers
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did not reveal any signiﬁcant eﬀects. On the other hand,
walker stimuli showed velocity tuning (Figs. 7E and F) as
found in Experiment 1. A velocity (2) · grating velocity
(3) repeated measures ANOVA revealed a signiﬁcant inter-
action between the variables, F (2,16) = 4.96, P < 0.05.
Simple main eﬀects of the grating velocity were signiﬁcant
under both the walker conditions, Fs (2,16) > 4.51,
Ps < 0.05. Tukeys HSD tests for the simple main eﬀect
of the 2 deg/s walkers indicated a signiﬁcant diﬀerence
between the grating conditions of 2.0 and 4.2 deg/s
(Ps < 0.05). Tukeys HSD tests for the 4 deg/s walkers indi-
cated signiﬁcant diﬀerences between 2.0 deg/s and the other
conditions of the grating velocities.
The results showed that the backscroll illusion is not
restricted to biological movements because the truck stim-
uli induced a unidirectional appearance in the counter-
phase gratings toward the direction opposite to the
apparent translation. However, it lacked velocity tuning.
In addition, the wheel stimuli did not produce motion
induction. Thus, it was unlikely that the eﬀect of the truck
stimuli was attributed to the rotating wheels. Rather, the
body shape implying the moving direction, which was lack-
ing in the wheel stimuli, might be critical like the eﬀect of
the static walkers found in Experiment 3. Details are sub-
sequently discussed in the next section.
7. General discussion
7.1. Contributions of shape and motion
The present results demonstrated that the backscroll
illusion from human ﬁgure is closely related to gait recog-
nition. Involvement of high-level processing is emphasized
by the eﬀect from the static ﬁgures found in Experiment 3.
This eﬀect cannot be explained by bottom-up motion pro-
cessing because the static ﬁgures had no physical motion
signals. It was also unlikely that the human ﬁgures served
as aperture frames to bias local motion computation
(Badcock, McKendrick, & Ma-Wyatt, 2003) because their
shapes were nearly symmetrical about the vertical axis
(see Fig. 1A). Rather, the human shapes evoked represen-
tation of the gait direction on the basis of everyday events
where people most frequently move in the facing direction.
Such top-down motion signals modulated the bottom-up
motion signals in the counterphase grating. This specula-
tion is not unusual, considering previous reports about
implied motion phenomena in which still pictures of
moving people produced a sensation of motion (Cutting,
2002) and activated the human brain areas of MT/MST
(Kourtzi & Kanwisher, 2000), or about forward-facing
motion biases in which object motion tended to be
perceived in a direction that shapes appeared to face
(McBeath, Morikawa, & Kaiser, 1992).
Shape-implied motion signals had crosstalk to the actual
biological motion signals as indicated by the results of the
backward walker condition in Experiment 3. Body and gaitdirections had a competitive eﬀect on the motion induction.
Such competition can be predicted from the models of bio-
logical motion perception (Giese & Poggio, 2003; Oram &
Perrett, 1996) that assume parallel processing of shape and
motion information. That is, from a backward walking ﬁg-
ure, shape, and motion processing represented a forward
and backward gait, respectively. Their integration failed
and shape dominated over motion possibly due to our
short presentation under one step completion.
The results also showed that the degree of crosstalk was
dependent on whether the observers had prior knowledge
of the backscroll illusion. Non-naı¨ve observers were aﬀect-
ed by the gait direction more than naı¨ve observers. Howev-
er, this might be attributed not to the knowledge but to
learning about gait recognition because non-naı¨ve observ-
ers had previously participated in some other experiments
where they discriminated between forward and backward
gaits (Fujimoto, Yagi, & Sato, 2001). Fujimoto (2003)
obtained a similar result from point-light ﬁgures, and
found that observers who easily discriminated walking
directions perceived the backscroll illusion with higher
probability. Additionally, there are several reports on
invalid recognition of biological motion from backward
gait stimuli (Johansson, 1976; Pavlova, Krageloh-Mann,
Birbaumer, & Sokolov, 2002; Verfaillie, 1993, 2000). Back-
ward gaits are rarely observed in everyday life. Thus, it was
possible that the naı¨ve observers, who had learned less,
were more aﬀected by body shapes that implied the usual
forward locomotion. This seems further evidence of the
involvement of high-level factors related to gait
recognition.
The illusion was observed most often when the compat-
ible shape and motion signals together implied a gait direc-
tion. These human ﬁgures of forward gaits also instigated
velocity tuning as found in Experiments 1 and 4. By con-
trast, the wheel rotation produced no systematic motion
induction. What causes this diﬀerence is not evident at
present. However, the common directional eﬀects from
walker and truck stimuli, which have shapes implying their
moving directions, may lead to the following hypothesis.
Shape signals deﬁne direction tuning. This indicates that
the backscroll illusion is generalized to objects that have
shapes specifying their moving directions. On the other
hand, motion signals prepare velocity tuning, as human
movements did. Compatible integration of motion and
shape signals might increase a probability to perceive the
illusion as found in the forward gait conditions of Experi-
ments 1 and 4.
7.2. Automatic nature
Regardless of the involvement of high-level processing,
the present results suggested an automatic nature. Experi-
ment 1 negated any explanation from attention. Experi-
ment 3 showed that prior knowledge had no essential
eﬀect. Experiment 2 showed a latency of 0.1–0.2 s that
was as short as that of gait recognition (Johansson, 1976;
24 K. Fujimoto, T. Sato / Vision Research 46 (2006) 14–25Oram & Perrett, 1996; Wheaton et al., 2001). In addition, a
signiﬁcant but weak eﬀect was observed for the shortest
0.12 s presentation. This might be explained by the percep-
tion of the body shape because the limbs movements were
unclear during such a brief presentation. It is plausible that
the backscroll illusion faded in as if it was coupled with a
buildup of object recognition. An automatic nature sug-
gests that the backscroll illusion is mediated by a hard-
wired mechanism.
7.3. Relation to simultaneous motion contrast
The backscroll illusion is considered as a class of simul-
taneous motion contrast phenomena (Murakami & Shim-
ojo, 1996; Nawrot & Sekuler, 1990; Nishida, Edwards, &
Sato, 1997) because the induced motion is directed against
the apparent translation of the objects as inducing stimuli.
Simultaneous motion contrast has often been related to
neurons with center-surround antagonistic receptive ﬁelds
with respect to directions of motion (Murakami & Shim-
ojo, 1996; Nawrot & Sekuler, 1990). These neurons are
located in MT/MST of the monkey brain (Allman, Miezin,
& McGuinness, 1985; Eifuku & Wurtz, 1998) and likely in
MT+ of the human brain (Murakami & Shimojo, 1996).
However, it is diﬃcult to apply center-surround antago-
nism to the backscroll illusion. First, the stimulus conﬁgu-
ration was reversed. Motion contrast phenomena have
been conventionally found in displays where the induced
stimulus is surrounded by the inducing stimulus. In con-
trast, our displays present the inducing stimulus of the
locomotive object at the center of the induced stimulus of
the background pattern. Second, there is a large mismatch
of receptive ﬁeld sizes between neural detectors for biolog-
ical motion and grating motion. Several studies have
revealed that observation of a human gait speciﬁcally acti-
vates STPa of the monkey brain (Bruce, Desimone, &
Gross, 1981; Oram & Perrett, 1996) and the human homo-
logue of the superior temporal sulcus (Pelphrey et al., 2003;
Puce & Perrett, 2003). For a counterphase grating, the
component motion signals are extracted in V1 and then
integrated in MT+ (Heeger et al., 1999). Receptive ﬁelds
of STPa neurons subtend larger than 40 deg (Bruce et al.,
1981), whereas those of V1/MT/MST neurons subtend at
most 40 deg (Albright & Desimone, 1987; Raiguel et al.,
1997). Although those areas are likely involved, another
type of neural connection is needed to explain the back-
scroll illusion.
7.4. Frame of reference for motion perception
Several studies have conﬁrmed that the perception of
biological motion is sturdy against various noises
(Beintema & Lappe, 2002; Cutting, Moore, & Morrison,
1988; Neri, Morrone, & Burr, 1998; Shiﬀrar, Lichtey, &
Chatterjee, 1997; Verfaillie, De Troy, & Van Rensbergen,
1994). This suggests that biological motion is immune from
the aperture problem (Adelson & Movshon, 1982) andself-motion that cause ambiguities of retinal motion sig-
nals. In addition, Tadin, Lappin, Blake, and Grossman
(2002) found that the human form deﬁned by point-light
biological motion serves as a frame of reference for evalu-
ation of local motion coherency. Our ﬁndings allow a sim-
ilar consideration; that human motions serve as a frame of
reference for perception of motion in an environment. That
is, the visual system utilizes the object motion information
to disambiguate or recalibrate retinal ﬂow signals. The
backscroll illusion is an elucidative demonstration of such
a function. It only seems suitable for biological objects,
but we think that artiﬁcial objects can also be eﬀective if
their shapes are clearly seen as in our displays.Acknowledgments
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